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ABSTRACT
An experimental investigation of the heat transfer behavior of a binary system,
whose constituents are water and ethylene glycol, is undertaken. The objectives of this
study are:
1 . To conduct a comprehensive literature search.
2. To examine the effect of certain parameters on the heat transfer suppression
mechanisms ofbinary systems.
3 . To gather new data for boiling heat transfer of aqueous ethylene glycol
solutions, over the entire range of concentrations.
The dilute concentration range, with solutions of 0.0 - 0. 1 mass fractions, is given
special attention in clarifying what are the effects of surface tension, mass diffusion, and
of the volatility parameter on pool boiling binary heat transfer. The correlations available
in literature, for pool boiling heat transfer ofbinary mixtures, are used to model the
collected data, and based on the accuracy of the fits modifications are recommended.
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NOMENCLATURE
A Intermediate Constant in Mikic Solution, Proportionality Constant
a Thermal Diffusivity ofBulk Liquid, m2/s
a Heat Transfer Coefficient,
W/m2 K
B Intermediate Constant in Mikic Solution
b Correction Constant
c Mass Specific Heat ofBulk Liquid, J/kg K
D Mass Diffusivity ofBulk Liquid, Diameter, m ~/s
D12 Diffusivity of Species 1 Dissolved in Species 2, m /s
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G, g Vaporized Mass Diffusion Constant
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K K= X7(cpif^
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X Thermal Conductivity, W/m K
M MolarMass, kg/kgmole
Ap Bubble Differential Pressure, Pa
q" Heat Flux,
W/m2
q Heat Generated, W
R} r Bubble Radius, m, Resistance, Ohms
R+ Nondimensional Radius
R0 Initial Bubble Radius, m
S Bubble Growth Rate Suppression Factor
IX
Ts Interface Temperature, K
Ti Ideal Temperature, K
Tb Bulk Fluid Temperature, K
Tw Wall Temperature, K
AT Bulk Liquid Superheat, Saturation Temperature Elevation, K
A Ti Ideal Bulk Liquid Superheat, Saturation Temperature Elevation, K
t Time, s
r Nondimensional Time
At Incremental Time, s
V Molar Volume,
m3
/kgmole
Vi Volatility Parameter
x Mass Fraction ofMore Volatile Component in Bulk Liquid
x Mole Fraction ofMore Volatile Component in Bulk Liquid
xs Mass Fraction ofMore Volatile Component in Interface Liquid
ys Mass Concentration ofMore Volatile Component in Interface Vapor
y Mass Concentration ofMore Volatile Component in Bubble Vapor
a Surface Tension, N/m
v Kinematic Viscosity, m'/s
6R(t) Superheat ofBubble Radius with respect to Bulk Saturation Temp., K
Oo Bulk Superheat, K
pi Liquid Density, kg/m
py Vapor Density, kg/m
Subscripts
V Vapor
/ Liquid
ao Bulk Liquid
S Interfacial
7 Ideal
1 More Volatile Component
2 Less Volatile Component
pb Pool Boiling
psc Pseudo-Single Component
p Pure Component
m Mixture
bl.bp Boiling
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1 Introduction
Nucleate pool boiling ofbinary mixtures has been extensively investigated over
the course of the last six decades. Since the early works ofBonilla and Perry (1941), a
broad knowledge base of the physical mechanisms involved in the manifestation of this
phenomenon has been accrued. Recently, this has prompted an increase in the adoption
of binary mixtures as boiling fluids in process, refrigeration, and energy conversion
systems.
The growing popularity ofbinary mixtures is attributed to their variable phase
change temperature at constant pressure. From a thermodynamic view point, this feature
is significant in that it demonstrates the potential for reducing the irreversibilities
associated with using binary mixtures as the working fluids in counter-flow heat
exchangers. This advantage, however, tends to be counterbalanced by the fact that the
heat transfer coefficients ofbinary mixtures are generally lower than those for an ideal
pure component ofphysical properties identical to those of themixture, or thosewith the
linearly interpolated values between the components that comprise the mixture.
Among the mechanisms that explain the reduction of heat transfer in the boiling
ofbinarymixtures are: heat flux effects, mixture composition effects, derivations of
bubble growth theory, and above all mixture effects. However, despite the large number
of investigative reports literature is still lacking a comprehensive theoretical model,
which will consistently and reliably predict the heat transfer coefficients ofbinary
systems.
To fill this void, empirical or semi-empirical correlations have been developed
and utilized in abundance. These, however, reproduce quite well the experimental data
from which they were developed, but large discrepancies arise when they are applied to
other data sets or other mixtures. This suggests a strong need for a sufficiently
sophisticated heat transfer model for awide variety ofmixtures.
2 Literature Review
Despite over six decades of research, and the undeniable value ofmulti-component liquid
mixture boiling in a wide range of industrial environments, the physical mechanisms
influencing this process are still not fully understood. The simplest andmost widely
examined manifestation of such a process is the boiling of a two-componentmixture or a
binary mixture. Yet, even for the simplest scenario themechanisms affecting the boiling
process are rather complex. As a prelude to the discussion ofnucleate pool boiling of
binary mixtures, what follows is a survey of the theoretical foundation of this
phenomenon.
2. 1 BoilingModes
When a liquid-to-vapor phase change occurs at a solid-liquid interface, where the
solid surface is at a temperature sufficiently higher than the saturation temperature of the
liquid, the process is termed boiling. This process is characterized by the formation of
vapor bubbles, at the solid-liquid interface. The subsequent growth and dynamics of
these vapor bubbles strongly influences the heat transfer properties of the boiling
phenomenon.
2.1.1 Pool Boiling
In pool boiling, vapor bubbles develop at the surface of a body immersed in a
pool of quiescent liquid. Pool boiling can be a rather complex phenomenon, and no
satisfactory analytical model has been able to comprehensively account for all the
physical mechanisms (contact angle, nucleation rates, departure diameter, etc.) that play a
role in its manifestation. It is, however, known that factors such as motion near the
surface due to free convection, mixing induced by bubble growth and departure, heat flux
level, liquid-surface combinations, as well as the thermophysical properties of the liquid
and vapor, significantly alter the nature and the behavior of the pool boiling process.
2.1.2 The Boiling Curve
An understanding of the physical mechanisms underlying the boiling process may
be obtained from an examination of the different regimes ofpool boiling. These regimes
were first identified by the experiments ofNukiyama (1936). Subsequent studies
conducted by Jakob and Linke (1936), and Drew and Mueller (1937), expanded on
Nukiyama'
s observations, and came to establish what is known as the classical pool
boiling curve: a plot ofheat flux, q", versus wall superheat, Tw Tsat, for the
circumstances of interest. The pool boiling curve, however, is strictly applicable to well-
wetted surfaces for which the characteristic physical dimension L, is significantly larger
than the bubble or capillary length scale, Lb , defined as:
Lb=J , ,
E^21
g(pi -pv)
2. 1.3 Regimes ofPool Boiling
In clarifying what the pool boiling regimes are, and how theywere established we
will consider the case where the ambient liquid surrounding the immersed body is at
saturation. By slowly increasing the surface temperature, and thereby the wall superheat,
the boiling curve shown in Figure 1 is obtained.
q"
Maximum heat flux
natural
convection
* ? I regime of slugs and columns
- isolated bubble regime
W,>
Figure 1 Regimes of Pool Boiling
At very low wall superheat levels, the number of active nucleation sites may be
negligibly small, andfree convection, or natural convection, is the sole form ofheat
transfer from the surface to the saturated liquid. In this region there is insufficient vapor
in contactwith the liquid phase, and this precludes the promotion ofboiling. The heat
transfer coefficient associated with free convection boiling is relatively low, and q"
increases slowlywith Tw - Tsat .
Incremental increases in the superheat eventually induce the start of nucleation at
some of the cavities on the surface. This is termed the onset of nucleate boiling (ONE)
and is depicted by point c in Figure 1 . Isolated bubbles form at nucleation sites and
detach from the surface, thus substantially increasing the heat flux without altering the
surface temperature. Consequently a vertical jump in the operating conditions is
witnessed from points c to d. This signals the initiation of the nucleate pool boiling
regime, and for the range of conditions corresponding to the segment d-e, in Figure 1, it
is referred to as the isolated bubble regime.
Further increases in wall superheat lead to the activation of greater numbers of
nucleation sites, alongwith an increase in bubble frequency at each site. A point is
reached where active sites are so closely spaced that during the final stages of growth and
release, bubbles from adjacent sites merge or coalesce. The merging vapor bubbles form
columns ofvapor slugs that rise to the free surface of the liquid pool. This regime is
represented by the segment e-fof the boiling curve. It is termed the regime ofslugs and
columns.
Within the regime of slugs and columns, increases in wall superheat and heat flux,
produce an increase in the flow rate ofvapormoving away from the superheated surface.
The resulting vapor drag on the liquid attempting to re-enter the displaced vapor volume
eventually exceeds the liquid's ability to reach the surface in time to keep it fully wetted.
It follows that vapor patches accumulate over some areas of the surface where, the vapor
drag mentioned above is excessively high. Liquid between these vapor patches
evaporates and the superheated surface dries out.
Portions of the surface that are dry will transfer a much lower heat flux than
wetted portions, where nucleate boiling persists. Consequently, themean heat flux from
the surface is reduced due to the reduction in heat flux from intermittently dry portions.
Ultimately this results in a peaking and rollover of the heat flux. The peak value is called
the critical heat flux (CHF), as designated by point/
If thewall temperature is increased beyond the critical heat flux condition, a
regime is encountered in which themean overall heat flux decreases as the wall superheat
is increased. This regime is usually referred to as the transition boiling regime, and it
corresponds to segment/-^ on the boiling curve. The transition boiling regime is
typically characterized by rapid and severe fluctuations in the local surface heat flux
and/or temperature values. These fluctuations are direct consequences of the inherent
instability of the dry regions existing at any location, which can collapse at any time, and
allow the surface to be wetted once again.
The vapor film generated during transition boiling can be sustained for longer
intervals at higherwall superheats. The net effect of this phenomenon is a reduction of
the overall mean heat flux, due to the prolongation of the intermittent insulating effect of
the vapor blanket. As this trend continues, a point is reached atwhich the surface's
temperature is able to sustain a stable vapor film on the surface for an indefinite period of
time, which is a direct result of the complete blanketing of the surface. The entire surface
then becomes blanketed with a vapor film, thus establishing thefilm boiling regime. This
transition takes place at point g, in Figure 1 .
Within thefilm boiling regime, the heat flux monotonically increases with the
wall superheat. This trend is explained by the increased conduction and/or convection
heat transport mechanisms, which are fostered by the increased driving temperature
difference across the thin vapor film. Radiative transport across the vapor layer may also
become important at higherwall temperatures.
2.2 Bubble Growth
An examination of one of the simpler cases of bubble growth, that of growth in an
extensive uniformly superheated liquid, can be quite instructive. Many of the more
complex features ofbubble growth near a heated solid surface are absent in this scenario.
The spherical symmetry of this simple case makes the prediction of the nature of the
bubble growth process a much less formidable task. Furthermore, the similarities
between bubble growth in an extensive medium of liquid, and bubble growth near a
heated surface provide valuable insight into the mechanisms governing the more complex
of the two processes.
Figure 2 Spherically symmetric bubble
The physical circumstances during the bubble growth process are depicted in
Figure 2. The interface is located at a radius r = R , and bubble growth is fostered by its
dR
displacement at a velocity with respect to some pre-established reference frame. The
pressure and temperature inside the bubble are Pv and Tv respectively, and the saturated
liquid conditions are Pw andT^. At the incipience ofbubble growth, the interface
temperature will be approximately equal to the bulk liquid temperature, and the vapor
generated at the interface will be at a pressure approximately equal to Psat(T00) . As the
liquid superheat at the interface is consumed in providing the latent heat ofvaporization,
the temperature at the interface will drop toward Tsa, (p^ ) . Subsequent bubble growth is
governed by the operating limits for Pv and Tv .
P00<Pv<Psat(T00)
Eqn. 2.2
In summary the growth rate ofbubbles is dictated by three primary factors which
regulate growth over two stages: hydrodynamic growth and asymptotic growth. The first
is the interaction of fluid momentum and pressure differences. The second, is the rate of
heat transfer to the interface, which supplies the latent heat ofvaporization. The final one
is the thermodynamic constraint that Pv = P^, (Tv) .
2.2.1 Hydrodynamic Controlled Growth
The initial stage of the bubble growth process manifests itself in a mode where
inertial effects are dominant. In this regime the growth rate of a bubble embryo is
governed by themomentum interaction between the bubble and the liquid surrounding it.
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The heat transfer to the interface is relatively fast and is not a limiting factor to the
growth.
2.2.2 Thermal Diffusion Controlled Growth
The advanced stage of bubble growth, after some elapsed time At , is
characterized by a significant depletion of the liquid superheat near the interface, and by
the larger diameter of the growing bubble. In this stage a thermal boundary layer
develops in the liquid surrounding the bubble, and growth is primarily governed by the
slower transport ofheat to the interface. Inertial effects between the bubble and the
surrounding liquid are not a limiting factor in this stage. Rather, the decrease in bulk
liquid temperature across this thin boundary layer governs the growth rate.
2.2.3 Rayleigh Model
According to Rayleigh's treatment ofbubble growth, the effect of the excess
pressure, Ap{t), resulting from inertial forces on the interface is the basis for the
derivation of a bubble growth model. The derivation utilizes the integral form of the
conservation laws ofmechanical energy, and the continuity equation. The energy
balance equates the net work done against the surrounding liquid by the expanding
bubble, with the kinetic energy of the liquid motion:
R 1 oo
|47tr2Ap(t)dr = -|47tr2pxV2dr Eqn. 2.3
o 2 r
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The resulting relation, upon integration, is a nonlinear differential equation of the second
order for the radius R(t) in time:
RR + -R2=^ffi Eqn. 2.4
2 p
Upon substitution of the Claussius-Clapeyron equation, this can be expressed as:
RR + lR2 = PXe M Eqn. 2.5
2 Pjs
W
where 8R(t) is the superheat of the vapor bubble with respect to the bulk saturation
temperature, T^, . h^ is the latent heat ofvaporization, Ts is the interface temperature,
and pt and pv are the liquid and vapor densities respectively.
The second-order nonlinear differential equation is solved under the assumption
that the entire process is approximately isothermal. That is to say that the interface
superheat is constant and equal to the bulk superheat 9R(t) = 60 , and thus yields the
solution:
1/2
R(t) = 2pvh|VG0
v 3p^Ts ;
Eqn. 2.6
Implicit in this solution is the linear relationship between the bubble radius and
time, which is a characteristic of inertia controlled bubble growth. This simplified
analysis is valid for the early stages ofbubble growth. The primary driving force, at this
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stage, is the specific heat of the superheated liquid instead ofheat conduction through a
thermal boundary layer.
2.2.4 Bosnjakovic Thermal Diffusion Model
Bosnjakovic (1930) calculated the heat flux density supplied to a spherical vapor
bubble ascending in a boiling pure liquid. A bubble growth equation was developed
based on the assumptions of thermodynamic equilibrium at the interface, the slight
superheating of the entire bulk liquid, and on the hypothetical existence of a thin
boundary layer around the bubble throughwhich heat transmission is due to conduction
only. Although, this model ignores the importance ofhydrodynamic effects on bubble
growth, Bosnjakovic's model is valid for the asymptotic stage of growth, and can be
expressed as:
where a is the thermal diffusivity of the solution, and t is time. The Jakob number, Ja , is
given by:
ja=P^e0 Eqn. 2.8
Pvhlv
Note that R t1/2 verifies the asymptotic bubble growth behavior, since it is a
characteristic for diffusion.
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2.2.5 Extended Rayleigh Equation
Extended versions ofRayleigh's analysis which include amore comprehensive
approach to the considerations ofhydrodynamic effects and momentum transport in a
viscous fluid, have been developed by Foster and Zuber (1955), Plesset and Zwick
(1954), and Scriven (1959). Plesset and Zwick (1954) showed that for large values of
the Jakob number, Ja , the solution to the extended Rayleigh equation is given by the
simple form:
R(t) = 2 CRA/%T Eqn. 2.9
where
CR=JIja E^2'10
V 7t
Once again confirming the validity of the boundary layer assumption by Bosnjakovic,
and the validity of the asymptotic growth solution.
2.2.6 Mikic Model
The complete bubble growth process is composed of two phases, one being the
inertia controlled stage, and the second being the thermal diffusion or asymptotic stage.
Based on the premise that the entire bubble growth phenomenonmust be characterized
by a smooth transition between these regimes Mikic et al. (1970) derived the following
relation:
R+=-[(t++l)3/2-(t + )3/2-l] Eqn. 2.11
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where R+ is the non-dimensional bubble radius and t+ is the nondimensional time,
A A2
R+=R t+=^-t Eqn. 2.12
B2 B2
and the constants A and B stem from the linearized Claussius-Claperyron equation and
the Plesset-Zwick solution as
A
f \xn
2 h,vpvAT
B
^12h
V. 7t J
ja Eqn. 2.13
V 3 pxTsat
where AT is the superheat of the bulk liquid.
Despite the apparent complexity ofEquation 2. 1 1, when compared to the
solutions yielded by the two limiting cases ofbubble growth, it does reduce to Equation
2.6 for small values t+, and Equation 2.7 for large t+
2.3 BinaryMixtures
The incorporation of the principles of the bubble growth theory, as developed in
the previous sections, into the realm ofmulti-component liquid mixtures has proven to be
a formidable task. Even for the simplest and mostwidely scrutinized scenario, that of
bubble growth in a two-componentmixture, or a binary mixture, the mechanisms
affecting the boiling process are rather complex. The complicating factors are the fluid
inertia, the heat diffusion effects, and the introduction ofmixture effects and its
derivatives.
15
In nucleate pool boiling ofbinary mixtures evaporation depletes the bubble
interface of the relativelymore volatile component with respect to the bulk concentration.
This, in turn, raises the effective interface saturation temperature of the bubble and
fosters the diffusion of the more volatile component from the bulk liquid to the interface.
Consequently, the formation of a concentration boundary layer around the bubble
dampens the bubble growth in a manner analogous to the heat diffusion damping
mechanism. It follows, therefore, that the primary controlling factor in the asymptotic
mode ofbubble growth of binary mixtures is themass diffusion element, also known as
"mixture effects"
The focus of a great number of the studies has been the prediction of the pool
boiling heat transfer coefficient ofbinary mixtures; many ofwhich have incorporated
the effect ofmass diffusion into previously developed models. There are empirical and
semi-empirical models that, despite the data shortage and correlation limitations, provide
reasonable approximations of the heat transfer coefficients ofbinary mixtures.
2.3.1 Pool Boiling ofBinary Mixtures
Pool boiling, as defined previously, entails the formation ofvapor bubbles at the
surface of a body immersed in an extensive pool of quiescent liquid. In pool boiling of
binary mixtures the same phenomenon is observed, but the associated heat transfer and
physical behaviors are quite different. A dominant characteristic of the pool boiling of
binarymixtures is the variable phase change temperature at constant pressure. Similarly,
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the heat transfer coefficients ofbinary mixtures are generally lower than those for an
ideal pure component of physical properties identical to those of the mixture, or those
with the linearly interpolated values between the components that comprise the mixture.
2.3.2 Thermodynamics ofBinaryMixtures
In analyzing themechanisms that govern the phase change phenomenon for
binary mixtures, it is crucial to have an understanding of the equilibrium conditions at
which a phase change is initiated. For a binary mixture these conditions are represented
in an equilibrium phase diagram, which is qualitatively represented in Figure 3 .
Pressure = P,
T
TdP(p^ x/l
\p(^i < Xt)
, Dew point line
\ y Bubble point
>^ line
"--\
0
II
X-it x( xvi 1.0
X = mole fraction of more volatile component
pure less-volatile
component
pure more-volatile
component
Figure 3 Equilibrium Phase Diagram
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In this diagram Xi and Xv are the bulk liquid and vapor concentrations of the more
volatile component, respectively.
The bubble-point curve is the locus ofpoints at which vaporization is evidenced
as the binary mixture, at a specified concentration, is isobarically heated. Likewise, the
dew-point curve represents the locus of points at which condensation is initiated as the
mixture is isobarically cooled. These curves represent the recorded equilibrium states, as
the mixture is quasi-statically cooled or heated.
It is based on the equilibrium phase diagram, that numerous relations are obtained
among the parameters regulating the mass interaction of the components. Partial
pressures, mole or mass fractions, and saturation temperatures are some of these
parameters. Furthermore, the equilibrium phase diagram can be used to correlate similar
physical processes at the vaporization interface, a region whose examination is rather
cumbersome.
2.3.3 Nucleate Pool Boiling ofBinaryMixtures
Numerous investigators have conducted studies aimed at determining the heat
transfer coefficient associated with nucleate pool boiling of a binary mixture. These
experimental investigations usually consist of a series of steady-state boiling tests at
liquid compositions ranging from one pure liquid to the other pure component, while
18
keeping other conditions constant. For these experiments a boiling heat transfer
coefficient, ctbi , is defined as:
Q"
Eqn. 2.14
U.u| ^lbl
[Tw-Tsat(PX,)]
where Tw is the heating surface temperature, and Tsat(P^,Xx) is the saturation temperature
at the specified pressure Px and bulk concentration Xx; as established by the equilibrium
phase diagram, Figure 3.
As vaporization occurs in a binary mixture, the vapor generated is richer in the
more volatile component than the bulk liquid. The remaining liquid boundary layer in
the vicinity of the interface, as intuitionmight suggest, has a correspondingly lower
concentration of the more volatile component. The existence of this concentration
gradient establishes a mass flux, as the more volatile component in the bulk diffuses
towards the interface, and the excess less volatile component diffuses into the bulk liquid
and away from the interface.
As a direct consequence of the established mass flux the temperature of the liquid
at the interface is incremented so as to be equal to the bubble point temperature for the
interfacial concentration of the less volatile component, which abounds. The
concentration of the more volatile component at the interface is actually lower than the
bulk concentration of this very component. This, in turn, implies that the temperature at
19
the interface is somewhat higher than the boiling point temperature for the bulk
concentration, Tbp(P^,X^) , as illustrated in Figure 3. The resulting driving temperature
difference delivering heat to the interface, Tro - Ts , is accordingly less than the
temperature difference Tw - Tbp(Px,Xx) . It follows that the amount by which Tw - Ts is
less than Tw - Tbp(P^,X^) increases as the difference between the equilibrium vapor and
liquid concentrations |Ya Xx| increases.
The vapor and liquid concentrations at the interface must differ according to the
specifications of the equilibrium phase diagram, Figure 3, for any particular interface
temperature. The concentration difference in the bulk liquid, |Ya - X, | , can be slightly
different from the concentration difference at the interface |Yls - Xls| . This is attributed
to additional concentration gradients thatmay be established, so as to facilitate transport
of one component or another by diffusion and/or convection away from the interface. As
indicated in Figure 3, the difference between the liquid and vapor concentrations at the
interface goes through a transition from zero at pure liquid component concentrations to a
maximum which is evidenced at some intermediate concentration.
It follows, therefore, that the discrepancy evident between the driving temperature
differences Tw - Ts and Tw - Tbp(Px,X^) is zero at pure component bulk concentrations,
and goes through amaximum at some intermediate concentration. Furthermore, for
nucleate pool boiling at a given pressure and wall temperature, the heat transfer
20
coefficient associated with this process undergoes a qualitative variation as shown in
Figure 4.
0 Xi lo
Liquid Mass Fraction of
More Volatile Component
Figure 4 Binary Heat Transfer Coefficient
Theminimum in the heat transfer coefficient, is closely linked to the manifestation of a
maximum in the concentration gradient between liquid and vapor fractions at some
intermediate bulk liquid concentration. This depression of the heat transfer coefficient at
some value of |YX - Xl | , is related to the resistance to mass diffusion in the liquid, a
diffusion resistance to heat transfer.
2.3.3.1 VanWijk
VanWijk et al. (1956) provided the first physical explanation for the discussed
reduction in heat transfer coefficients in nucleate pool boiling ofbinary mixtures. They
noted that the equilibrium vapor mole fraction of the more volatile component, Yx , is
21
higher than that of the bulk liquid X j Therefore, the propagation of equilibrium
conditions requires further transport of the more volatile component towards the
interface, as the bubble grows. This in turn depletes the boundary layer around the
bubble of themore volatile component.
It is, therefore, because of a diffusional interchange between the boundary layer
and the bulk liquid that the local boiling point temperaturewill increase and further
vaporization will be evidenced. It follows that the wall superheat associated with this
phenomenon increases, so as to transfer heat at the same rate, and the heat transfer
coefficient is lowered accordingly.
2.3.3.2 Sternling and Tichacek
Sternling and Tichacek (1961) conducted a number of experiments with 14 binary
systems, aimed at determining heat transfer coefficients for boiling mixtures. They did
not set forth a comprehensive explanation of the effect of composition on the boiling of
liquids, but presented certain qualitative features of the boiling curves for the binary
systems examined. Among these features is the observation that for systems of large
relative volatility the heat transfer coefficients are significantly reduced by the addition of
the less volatile component.
Sternling and Tichacek (1961) proposed explanations for this and other
characteristics of the boiling ofbinary mixtures. These involve the marked change in
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properties of the binary mixtures with composition, notably viscosity. Also, the observed
change in bubble growth rates caused by the varying resistance to mass transfer of the
volatile component in diffusing into the growing bubble. Finally, a reduction in the
nucleation rate is also proposed as an explanation for the heat transfer reduction.
2.3.3.3 Van Stralen Model Mass Diffusion
By considering the analogy between heat and mass diffusion, Van Stralen (1966)
established a mass diffusion model that extended the Scriven (1959) and Bruijn (1960)
theories for pure-fluid solution into the realm of binary systems. Van Stralen (1966)
assumed an asymptotic mode ofbubble growth and utilized the fact that the governing
equations for mass diffusion of the more volatile component are analogous to those for
the heat diffusion. He set forth an equation for bubble growth which is a modification of
the Rayleigh equation presented by Plesset-Zwick (Equation 2.9) as:
R(t)
'12^ 1/2
V 717
Ja0(at) 1/2
Eqn. 2.15
where Jan is a modified Jakob number for mixtures given by:
Jar
e o
( \
_Y_
vpj JpX IdJ V G J
Eqn. 2.16
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D is the mass diffusivity of the more volatile component, and ATS is the difference in the
saturation temperatures of the bulk liquid and the liquid in the bubble interface. G is the
vaporized mass diffusion fraction for an individual bubble and is expressed as:
G
V*1 Xls/ Eqn. 2.17
(Vi.s -xi,s)
G is an expression of the concentration difference across the mass diffusion boundary
layer. Here Xl is the liquid mass fraction of the more volatile component in the bulk
liquid, X, s is the liquid mass fraction of the more volatile component at the interface,
and Yls is the vapor mass fraction of the more volatile component at the interface.
Van Stralen showed that for sufficiently small values of the vaporized mass
fraction G, the ratio - is independent ofboth G and the superheating 90 .
Furthermore, he elaborates a graphic method of determining the value of - based on
the isobaric equilibrium phase diagram for a binary system depicted in Figure 5.
The intersection of the bulk concentration Xj with the boiling point curve
establishes the saturation temperature of the bulk liquid T^, . The notion is utilized that
the depletion of the most volatile component in the boundary layer around a bubble
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Figure 5 Van Stralen's Equilibrium Phase Diagram
results in an increase in the saturation temperature at the interface by an amount
designated ATS . This is graphically represented by the segment AE. Likewise, by an
extension of its definition into the graphic above, G is represented by the ratio of the
segment lengths BE and BD. Geometric similarity considerations indicate that the ratio
AT, is exactly given by the length of segment DF Furthermore, based on the
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assumption of small value ofG, that is to say Xj ~Xls , it should be evident from basic
geometry that the segment BAF can be closely approximated by a tangent to the bubble-
point curve drawn through point A. This allows an approximation of - given only
the bulk concentration for the binary system.
The value of - is an indication of the relative strength of the mass diffusion
mechanism that suppresses bubble growth. Thus, bubble growth rates are minimized at
the occurrence ofmaximum - for a particular bulk concentration. This follows
directly from the Scriven (1959) solution, and yields a suppression factor S for a binary
system:
S=^nkrm
2.3A Nucleate Pool Boiling Heat Transfer Coefficient
In nucleate pool boiling the heat transfer coefficient of binary systems is regulated
by inertial and diffusion mechanisms which dampen the rate ofbubble growth and
departure from a prescribed equilibrium state. Inertial effects dominate the early stages
ofbubble growth, while the diffusionmechanism governs the advanced stages of growth.
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The available theories for pool boiling heat transfer are fundamentally
mathematical representations of either the inertial or diffusion mechanisms, or
combination of the two. There are numerous modifications of the basic theory available
for the case of bubble growth on a heated wall, and each has its own means ofpredicting
the heat transfer coefficient for boiling ofbinary mixtures. Existent models theoretically
account for effects due to relaxation and evaporation microlayers, liquid-material
combinations, boundary layer temperature profile, and mixture composition. Yet, the
absence of a comprehensive theoretical model justifies the utilization of numerous
empirical and semi-empirical correlations in predicting the heat transfer coefficient for
the binary system under scrutiny.
2.3 .4. 1 Stephan and Koerner
Of the existent empirical correlations, the most popular for the prediction of the
boiling heat transfer coefficient is that of Stephan and Koerner (1969). This model
suggested the utilization of an excess function formulation for determining thewall
superheat and the heat transfer coefficient in the boiling of binary mixtures. Itwas
established that at a given heat flux the wall superheat is given by:
AT = Tw-Tsat=ATi-A9 E^- 219
where AT, , the ideal superheat, is defined as
AT, = xATj + (1 - X)AT2 Eqn. 2.20
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x is the liquid mole fraction of the more volatile component (assigned the subscript "1",
and the less volatile component is assigned the subscript "2"). The excess superheat, A0 ,
is calculated by:
A9 = A|y - XJAT, Eqn. 2.21
thus establishing the energy required to form a vapor bubble in a binary mixture as a
function of the mass transfer driving force |y -x|. In Equation 2.21, y is the vapormole
fraction of the more volatile component, and A is an empirical constant that is a
characteristic of the particular binary system; it is also a function of the pressure. The
pressure influence was taken into account empirically in the range 0. 1-1.0 MPa as:
A = A0 (0.88 + 0.12p) Eqn- 2-22
with p in bar, and A0 being established for 17 binary mixtures, with values ranging from
0.42 to 3.56. The final expression of the correlation for the heat transfer coefficient is
given by:
^i = = l + A0(0.88 + 0.12p)|y-x| E(n- 2'23
h AT|
ov ' '
where the ideal heat transfer coefficient, hi , is given as:
1
h;1
x 1-x
+
hl h2
Eqn. 2.24
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It should be noted that in the absence of experimental data, and for cases where
|y xj < 0.635 and 0.1 < p < 1.0 MPa , the authors recommend an average value for A
of 1.53.
2.3.4.2 Calus and Rice
Calus and Rice (1972) developed a semi-empirical correlation that quantitatively
related the reduction in heat transfer coefficient to the reduction in bubble growth rate in
binary pool boiling. The mechanism ofheat transfer in binary systems, is governed by
the effect ofmass transfer of the more volatile component towards the interface (Scriven
(1959)). In this scenario the mass diffusion process is considerably slower than the heat
diffusion. Thus, the establishment of the dimensionless ratio measures the
additional impedance to heat transfer.
Calus and Rice established that the measure of this additional resistance to heat
transferwas directly proportional to the reduction in the heat transfer coefficient in binary
mixtures. They arrived at:
0.7
, -> i / y
h
i I J1+ y-x i1 ^ [ DJh
Nl/2
a i Eqn. 2.25
where |y - x| is determined by the mass rather than the mole fraction, a is the thermal
diffusivity, D is the mass diffusivity, and h, is the value obtained from the Borishanskii-
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Michenko correlation for single component liquids. The exponent -0.7 was established
experimentally. It should be noted that does vary considerably with changes in
mixture composition.
2.3.4.3 Calus and Leonidopoulos
The first entirely analytical expression for predicting the heat transfer coefficient
for binary systems was devised by Calus and Leonidopoulos (1974). Expanding on the
work of Scriven (1959) and Van Stralen (1966) the authors calculated the rise in the local
saturation temperature, at the interface, for the growth of a single spherical bubble in an
infinite uniformly superheated binary mixture. The relationship for single-component
liquid is given by the equation:
RP(t) =
'12^1/2
v %J
Ja0(at) 1/2
Eqn. 2.26
and is extended to binary mixtures in the form:
Rm(t)
Vl + Fy Eqn. 2.27
with
F=Mi,
-V^ A
v X J
dT
dx
Eqn. 2.28
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The F is a correction factor to the apparent temperature difference, defined as the
difference between the wall temperature and the saturation temperature of the bulk liquid.
However, as previously described, the depletion of the more volatile component at the
bubble interface induces an increase in the local liquid saturation temperature. This, in
turn, reduces the temperature difference driving force by a quantity A9 , which accounts
for the non-ideality of the binary system as:
AT = AT; + AG = AT; +
Kl + FJ
AT
Eqn. 2.29
from which the final correlation is obtained, and takes the form:
h^
hT
AT
AT
1 + y - x
' aA
VDJ
'O dT
V. XJ dx
Eqn. 2.30
where , the slope of the bubble line, and ly - x| , are always opposite in sign. Thus AT
dx
is always greater than or equal to AT; .
2.3.4.4 Thome
Thome (1981) derived the following analytical expression based on the Stephan
and Koerner (1969) correlation, thework of Scriven (1956), and the effect of
composition on the thermal boundary layer surrounding the heated surface:
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h; AT Sn
Eqn. 2.31
where the Scriven number, NSn , is defined as
NSN y-x
D.
N
vhfgy
dj_
dx
Eqn. 2.32
Thome (1983) utilized the evaporation rate of the more volatile component at the
interface as the defining factor in postulating the effect of composition on the rise of the
local saturation temperature at the interface (for a binary liquidmixture boiling on a
smooth tube or plate). The task was rather complex since the evaporation rate at a
particular boiling site has to be predicted, and the rates of diffusion and mixing effects on
boiling site density had to be accounted for. The resulting equation, based on an analysis
of the maximum rise in the boiling point ATbp , as obtained from the phase equilibrium
diagram, builds on the Stephan and Koerner (1969) correlation and yields:
AT = Tw - Tsat = AT; - ATbp Eqn. 2.33
or
h AT AT:
hi AT ATi + ATbp
Eqn. 2.34
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Thome (1 987) made even further improvements by eliminating two rough
approximations by calculating the exact expression for the vapor/liquid mole fraction
difference of the more volatile component at the interface, and the slope of the bubble
point curve utilizing the maximum, thermodynamically allowed, rise in the boiling
temperature. Thus, he arrived at the correlation
h h|
h7
= 1 + 7AT^p
f-B0q"'
1 - exp
-
v PiPi^y
Eqn. 2.35
where B0 is an empirical scaling factor set equal to 1.0, and (3, is the liquid mass transfer
coefficient.
2.3.4.5 Fujita
Fujita et al. (1996)modified the Thome (1983) correlation, by introducing a
dimensionless parameter to express the heat flux dependency of the mixture correlation
parameter, Ks . The depletion of the more volatile component at the interface, and the
subsequent increase in the local boiling temperature, was defined by Thome as having a
maximum at the critical heat flux. Itwas, therefore, obvious that Thome's correlation
would over-predict the rise in the local boiling temperature. Fujita et al. (1996)
established that by the introduction of Ks amore realistic portrayal of the reduction in
heat transfer coefficient would be obtained. The resulting empirical correlation, for the
seven binary systems under scrutiny, is
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h;
where
Kc
l + Ks(ATbp/ATi)
1 - exp(- 2.8ATi /ATS)]
Eqn. 2.36
Eqn. 2.37
2.3.4.6 Kandlikar
One of the latest completely theoretical correlations to appear in literature is the
result of the work ofKandlikar (1997). Kandlikar developed a correlation that
encompasses the effects ofmixture composition, non-ideality of the mixture, mass
diffusion, liquid concentration at the interface, and interface temperature on the heat
transfer coefficient ofbinary mixtures.
Kandlikar utilizes a pseudo-single component heat transfer coefficient, aPBB psc ,
instead of the commonly used reciprocal mole fraction averaged ideal heat transfer
coefficient, aPB3 id . Incorporating the effects of the relevant mixture properties on the
pool boiling heat transfer he arrives at
tPB.B,psc - aPB,B,avg
1 sat,m
V ' satavg^
Ah,LG,m
V^^LG.avgV
PG.r
0.297/- n-0 317
vPG.avg/ Vuavg/
vL,m
A
Eqn. 2.38
V^L.avg/
where the subscript
"m"
refers to the actual mixture properties, and
" avg"
to the mass-
fraction averaged properties.
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In developing a final expression, which accounts for the mixture and composition
effects Kandlikar analytically establishes the liquid concentration at the interface as
xls =Xj -Ja0(yls -Xl)
^2.13A f ^1/2K
V 71 J
w
vD,2v vpLy
Eqn. 2.39
where the modified Jakob number is
Ja0 =
V ' w Tsat j
(p./p,)^v+('D,:rr-,)
Eqn. 2.40
and the liquid-vapor mass fraction ratio, g, is
(xi-xi,s)
g
(yi,s-xi,s)
Eqn. 2.41
Also present in the derived expression for the liquid concentration of the more volatile
component at the interface, xls , is the diffusion coefficient based on the Vignes (1971)
correlation
D,2=Rf:KfA
Eqn. 2.42
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Here D2 and D, are the self diffusion coefficients determined by the Wilke-Change
(1955) correlation
D2 = 1.1782 x T / (t^v^) Eqn. 2.43
and the coefficient A]2 is the thermodynamic factor compensating for the non-ideality of
the mixture, which according to Kandlikar et al. (1975) is assumed to be 1.0.
The final expression, obtained by Kandlikar, for the heat transfer coefficient of a
binary system is given by
aPB,B -aPB,B,pscl"D Eqn. 2.44
The diffusion factor, FD , is established, for Vj > 0.005 , as
FD = 0.678 1 + 'P.L/Ah,v / ^"LGy t> 12
1/2
AT. Eqn. 2.45
and, for 0 < Vj < 0.005
FD = 1 - 64.0^ Eqn. 2.46
where the volatility parameter, V, , is
V, =(cPiL / AhLG)(K/D12)05|(dT/dXl)(yi -Xl)| Eqn. 2.47
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2.4 Summary ofLiterature
In attempting to illucidate the deterioration of heat transfer in pool boiling of
binary mixtures, numerous researchers have established mixture effects as a predominant
physical explanation. Van Wijk et al. (1956) attributed the heat transfer reduction to a
preferential evaporation of the volatile component, which in turn causes an increase in the
local temperature adjacent to the heating surface. Sternling and Tichacek (1961), also
attributed the lower heat transfer coefficient to an increase in the mass diffusion
resistance of the volatile component to the vapor bubble interface. Stephan and Preusser
(1979) attribute part of the reduction to the nonlinear variation ofmixture properties with
composition. While all of the studies listed above focus on different aspects ofmixture
effects, they all confirm that nucleate pool boiling heat transfer coefficients of binary
mixtures cannot be predicted using single component correlations.
Recently, the work of Fujita et al. (1996), proposed a semi-empirical correlation
which provided increasingly accurate prediction methods for the heat transfer coefficient
ofbinary mixtures. This correlation predicted the heat transfer coefficient of six binary
mixtures within 20% accuracy lines. Its limitation, however, was that different
empirical constants were needed for every mixture, and the unavailability of reliable
multi-source data made the correlation establishment and verification a short-reaching
process. One noteworthy characteristic ofFujita's work is that, in accordance with the
model established by Stephan and Koerner (1969) and many others since, it poorly
modeled one particular binary system, that composed of ethylene glycol and water.
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Most recently, Kandlikar (1997), proposed a theoretical model which would
predict the effect ofmass diffusion on the pool boiling heat transfer coefficients and their
trends, in azeotropic and non-azeotropic binary mixtures. This was accomplished by
developing a new pseudo-single component heat transfer coefficient, and by theoretically
deriving the liquid composition and temperature variations at the interface of a growing
bubble.
The fundamental principles behind the investigation of the heat transfer
suppression in the pool boiling ofbinary mixtures is the bubble growth theory and a
series of speculative branching observations. Bubble growth is essentially a consequence
of simultaneously interacting physical mechanisms: inertial effects, heat diffusion
effects, and mass diffusion in the case ofbinary mixtures or both. A large number of
studies attempted to isolate and understand the effects of any given parameter, such as,
composition, heat flux, mass diffusion, surface tension, relaxation and evaporation
microlayers. All ofwhich are offshoots of the same fundamental theory.
The result is the extensive pool of literature on this particular area. The validity
of each investigation is disputable, however, the degree of accuracy with which a
particularmodel correlates a broad spectrum of data is the discriminating factor in its real
world applicability. After all the primary objective of these studies is the development of
a comprehensive model that accurately predicts the heat transfer coefficient ofbinary
38
mixtures over an extensive range of data. There is, however, great debate as to which
correlation performs significantly better than others, and applicability remains at the
user's discretion.
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3 Objectives
An experimental study is undertaken, which examines the heat transfer behavior
of the consistently over-predicted aqueous solutions of ethylene glycol. Its intent is to
verify the validity of previously published work, and to gather new data for boiling heat
transfer for aqueous solutions of ethylene glycol. The focus of the study lies in the
investigation of the mechanisms and properties associated with the suppression ofbinary
heat transfer in nucleate pool boiling of dilute concentrations of the water/ethylene glycol
mixtures. In particular the effects of surface tension, mass diffusion and of the volatility
parameter Vi are scrutinized. Furthermore, this investigation compares the performance
of the theoretical correlations developed by Calus and Leonidopoulos (1974), and
Kandlikar (1996), while utilizing the newly acquired data for boiling heat transfer of the
water/ethylene glycol binary system.
4 Experimental Setup and Procedure
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4.1 Experimental Apparatus
The experimental apparatus utilized in this investigation is similar to that
employed by Fujita et al. (1996), and by Liu et al. (1996) in their steady-state
experiments. The apparatus efficiently brings a pool of quiescent liquid to its saturation
temperature at atmospheric pressure, and then allows the collection of experimental data
to be performed while observing bubble activity on the submersed tubular heating
element. A schematic of the pool boiling apparatus is presented in Figure 6.
The apparatus consists of a boiling vessel, a horizontallymounted stainless steel
tubular heating element, and an external insulating vessel or enclosure. The details of
these three primary constituents, and all the other miscellaneous experimental
components, listed and portrayed in Figure 6, are discussed in the following sections.
4.1.1 Boiling Vessel
The boiling vessel is a rectangular tank, consisting of fourwalls, a base, and a
cover made out of
Vi" 2024-T3 aluminum stock. The vessel's dimensions are 82. 16 mm
by 82. 16 mm and it is 123.24mm tall. It provides a glass window for visual observation
of the boiling phenomena. The windowwas made out of an amber borosilicatewith
properties very similar to those ofPYREX, and consisted of a 51.35 mm by 82.16 mm
section. Thewindow is attached to its lodging section, between two aluminum plates that
are squeezed together by threaded fasteners, with a high-temp adhesive/sealant. The
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cover of the boiling vessel served as the entrance for electrical leads, and for elements of
the cooling coil devised to re-circulate any excess vapor thatmight be generated.
1 Boiling Vessel
2 Test Section
3 Condenser
4 Thermocouples
5 Auxiliary Heaters
6 Insulating Enclosure
7 Liquid Surface
8 Observation Window
Figure 6 Experimental Apparatus
4.1.2 Heater Element
The heating element, or test section, is an electrically heated seamless S-31600
stainless steel tube with and OD of3.08 mm and an ID of 2.05 mm, and 42.4 mm long. It
was mounted horizontally 60 mm below the free liquid surface. While previous
researchers utilized the test section as a resistance thermometer, in this study the internal
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wall temperature of the stainless steel tube is measured with a set of four E-type
thermocouples. In positioning and securing these thermocouples to the internalwall of
the cylindrical heating element, an internal Teflon tubing element was introduced. Figure
8 schematically represents the insertion of a Teflon tube whose outer diameter provides a
slight interference fit with the inner diameter of the stainless steel tube. The four
thermocouple wires were threaded through the flexible Teflon tube, and the thermocouple
beads were manufactured to fit closely inside the tapered hole. The thermocouple beads
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1 Boiling Surface
2 Stainless Steel Test Section
3 Teflon Tube
4 E-Type Termocouple Bead
Figure 7 Heater Element
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were placed approximately 7 mm and 90 degrees apart from its neighbor, and were
mounted symmetrically from the center of the tube length. The resulting geometry
yielded an adequate overall coverage of the internal temperature distribution along the
innerwall of the heating element. In heating the surface, direct currentwas supplied to
the stainless steel tube by a Hewlett Packard 6572A DC Power Supply, and ranged from
15-60 amps, according to the heat flux specifications.
4. 1 .3 Insulating Enclosure
The structure of the insulating enclosure is made out ofwood, and has dimensions
of 246.68 mm wide by 246.68 mm long by 267.02 mm tall. Thematerial utilized was
chosen primarily due to the low thermal conductivity, the ease ofmachinability, and the
cost-effectiveness associated with the use ofwood. The interior of the wooden skeleton
is lined with a layer ofKaewool, an insulating sheetmaterial commonly utilized in
furnaces and other combustion chambers. This is then followed by a thin layer of
insulating reflective tape. Subsequent layers ofKaewool, and reflective tape are then
inserted for safety purposes and for height adjustment of the boiling vessel.
The insulating enclosure is also equipped with a visual inspection window. This
window has dimensions 174.59 mm X 123.24 mm, and is also made of the same
borosilicate utilized in the boiling vessel's window. The outer enclosure also allows for
the conduit entrance of cooling water, and the electrical leads through small sections at
the sides, which also act as pressure equalizers.
44
4.1.4 Miscellaneous Hardware
Miscellaneous hardware includes a second set ofE-type thermocouples, which
were deployed vertically in the boiling vessel to measure the bulk liquid and vapor
temperatures. Three of these thermocouples were placed in the liquid, and two in the
vapor, and they monitored the saturation state of the mixture. It also includes the
stainless steel bracket to which these thermocouples were mounted. In addition to that,
four auxiliary sheet heaters were attached to the outside walls of the aluminum boiling
vessel. Thesewere rated at 70Watts at 120 Volts, and were used in bringing the liquid to
its saturation temperature.
Additional hardware utilized in complimenting the experimental apparatus
includes couplings, fittings and copper tubingwhich are employed in the cooling coil. It
includes the copper sleeves that were inserted with the purpose of reducing the electrical
resistivity at the interface between the steel and copper surfaces. It includes the clamps
that surround the copper sleeves and the high temp electrical leads that supply the direct
current. It also includes the brass feet that supported the boiling vessel at an elevation 60
mm above the base of the outer enclosure, so that its small window aligned itselfwith the
outer enclosure's window.
4.1.5 Working Fluid
Aqueous solutions of ethylene-glycol over the entire spectrum ofpossible
concentrations were employed as the boiling liquid. Distilled water was utilized; a
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measure which would prevent the formation of deposits on the heating element. A
volume ratio, based on the specific gravities of each component, was used in obtaining
the desired mass fraction of each component in the binary mixture. Thus, for the 50%
mass fraction glycol solution, a 46.875% volume fraction of glycol was mixed.
4.1.6 Data Acquisition Equipment
The primary data acquisition facility was a Keithly 740 System Scanning
Thermometer. Itmeasured the temperatures read by the thermocouples, and digitally
displayed them with a precision of 0. 1 C.
The secondary source of experimental data was the Hewlett Packard 65732A DC
Power Supply. This piece of equipment was operated in the constant current (CC) mode,
and was used to supply the direct current necessary to generate the required heat fluxes.
It displayed the delivered currents with a precision of 0.005 Amperes.
4.2. Mixture Selection
The affluence, in literature, of studies investigating the boiling mechanisms and
characteristics ofbinary systems is no indication of the existent level ofunderstanding of
this phenomenon. One of the binary systems that have consistently been investigated,
primarily because of its industrial applicability, are aqueous solutions of ethylene glycol.
However, the numerous empirical and semi-empirical correlations that are available in
literature seem to under-predict the heat transfer behavior ofwater-glycol mixtures.
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The binarymixtures charged to the boiling vessel were mixed on a volume ratio
basis. The adequate density based corrections were applied in obtaining the desired
mass fractions. The resulting mass fraction was accurate to within 0.01.
In establishing what concentrations were to be scrutinized it was decided that data
for the entire spectrum should be gathered and compared to that available in the
literature. Furthermore, special attention would be devoted to the dilute aqueous
solutions of ethylene-glycol. In particular, those concentrations established by 1, 2, 3, 5,
and 10 percent by mass of each of the pure components. A region where the effects of
surface tension and volatility parameter, Vi,are pronounced.
4.2.1 Fluid Properties
In the present study the liquid charged to the boiling vessel was made up of
distilled water and super-high reagent grade ethylene glycol. The standard fluid
properties for each of the components were obtained from the ASHRAE Fundamentals
Handbook (1994), and from a Union Carbide (1997) publication for ethylene glycol.
Mixture properties were obtained from HYSFM (1996) property routines. A summary of
the properties for the concentrations studied is presented in Table 1 .
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Table 1 Fluid Properties
X, Y- W hv cpL \ CT PL Pv Tsat Ahv R
J/kg J/kg J/kgK W/m' N/m
kg/m"1 kg/mJ C J/kg m'/s
1 1 -403.119 421 002 3405 68 0 163045 0 032675 968.951 1 64449 197 086 824121 0 000372
0.99 0.961118 -417.255 431.351 3345.89 0.180875 0.036621 977.799 1 561247 186.197 848605 8 4.29E-07
0.98 0.776838 -484.252 480.4002 3301.1 0.197441 0.038878 984 811 1.166716 177 233 964652 1 4.82E-07
0.97 0.693319 -514.616 502.63 3267.8 0.212886 0.040532 990 145 0.987909 169.803 1017246 5.32E-07
0.95 0.535924 -566.36 551.739 3225.46 0.241015 0.041913 998 342 0 829769 158.287 1118099 6.22E-07
0.9 0.299871 -660.71 625 768 3196.55 0.300095 0.043 1008.65 0.680094 140.523 1286478 7.32E-07
0.75 0.089219 -850 675 681.016 3317.91 0.418 0.044292 1013.12 0.603107 118.682 1531691 7.8E-07
0.5 0.024938 -1103.94 687 972 3664.5 0.552371 0.045382 999 291 0.593149 106.842 1791912 6.07E-07
0.25 0.006527 -1346 12 687 0583 4035.59 0 630075 0.046436 974 946 0.59333 102.346 2033173 4.19E-07
0.1 0.002959 -1491.42 686.51 4254 63 0 663878 0.04848 958.873 0.593438 100 797 2177930 3.27E-07
0.05 0.001734 -1532.03 686,4045 4326.43 0.677365 0.051483 953.421 0 593483 100.366 2218438 3E-07
0.03 0.000866 -1560 78 686.3298 4354.96 0.679189 0.052483 951.234 0 593515 100.201 2247107 2.89E-07
0.02 0.000579 -1570.32 686.305 4369.18 0.679189 0.055514 950.14 0 593526 100119 2256625 2.84E-07
0.01 0.000289 -1580.25 686.284 4383.37 0.68099 0.056541 949.045 0.593533 100.039 2266534 2.79E-07
0 0 -1590 19 686.263 4397 54 0.680684 0.05863 947.95 0.593541 99.9579 2276453 2 79E-07
4.3 Experimental Procedure and Data Reduction
4.3.1 Experimental Procedure
The experimental procedure was initiatedwith the charging of the binary mixture,
at the required concentration, to the boiling vessel. Themixturewas then brought to its
saturation temperature, at atmospheric pressure, by the use of four auxiliary heaters.
Once the temperature of themixture came to within 3 K of the saturation temperature, the
auxiliary heater power was cut down to between 60% and 80% of the maximum output.
Direct current, ranging between 15 and 60 amperes, was then supplied to the stainless
steel test section, and this was done in the order of decreasing heat flux to avoid boiling
hysteresis. The process was allowed to proceed for approximately lA hour; enough time
for complete de-gassification of themixture and for the temperature distribution on the
boiling surface to stabilize. The two sets of temperatures inside the vessel and inside the
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test section were then recorded. This procedurewas repeated for the entire spectrum of
concentrations, and multiple runs verified the validity of the gathered results.
In maintaining the original experimental conditions throughout all runs, it was
essential to maintain the same heating surface characteristics (see Figure 8 for a view of
the surface's topography). In preserving the integrity of the heater element an ethanol
drenched gauze was used to clean the surface prior to each data gathering session. This
was followed by a thorough rinsing, of the specimen with distilled water. Equally
significant was the maintenance of a constant liquid composition during each run. To
keep the liquid composition constant a condenser was provided to condense the vapor
generated on the boiling surface.
It should be noted that to avoid the thermal hysteresis effects, a phenomenon
frequently observed in boiling systems, the heat flux was gradually increased to the
highest desired value, and the data was collected as the heat flux was reduced in a step
wise fashion.
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Figure 8 Surface Topography
4.3.2 Data Reduction
4.3.2.1 Power
The DC current supplied to the stainless steel test section originated from a
Hewlett Packard 59732A DC Power Supply. The extracted values of currents and
voltages were utilized in establishing the experimental heat flux. The definition of power
used follows directly from Ohm's Law:
P = I2R Eqn. 4.1
where I, is the supplied direct current, in Amperes, and R is the resistance of the circuit,
in Ohms. This definition of powerwas utilized due to the discrepancy between the
voltage value displayed by the power supply's LCD display and the actual potential
difference between the inlet and outlet leads. The power supply displays a normalized
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maximum value, which is issued in preserving the constant current mode of operation.
Thus, the power generated follows from the definition above.
For the present investigation Re is the electrical resistance for the heating element,
and is established from material's electrical resistivity, 74 nQ m. The resulting
expression for the resistance for the heating element is given by
R, =r^ r Eqn. 4.2
4i2-r02)
4.3.2.2 Thermocouple Readings
A series ofE-type thermocouples were utilized in establishing the internal wall
temperature distribution for the test section, and in verifying that the binary system
remained at saturation for the duration of the experiments. The data collected from these
thermocouples constituted the primary source of experimental results. Data was gathered
for all the thermocouples for the entire spectrum of concentrations, at each of the
specified heat fluxes. The average value was employed in estimating the outerwall
temperature distribution of the test section, and in establishing the saturation state of the
mixture.
4.3.2.3 Boiling Surface Temperature
In establishing the outer wall temperature distribution the heating elementwas
modeled as a cylinder with uniform heat generation. The model was developed under
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two primary assumptions: 1) uniform heat generation along the inner tube wall, 2) the
absence of temperature gradients along the inner tube wall. The derivation of a final
expression for the outerwall temperature is included in Appendix B, but the outer wall
temperature takes the form
= Tl + -*-(-r>)- finVr7 Eqn. 4.3
where Ti is the internal tube temperature value, obtained from the thermocouple readings.
The internal radius, r;, is given inmeters, the thermal conductivity, X, inW/m2, and the
heat generated, Q, inWatts.
4.3 .2.4 Heat Transfer Coefficient
The experimental heat transfer coefficient is obtained by the application of the
conservation principle. The derivation of the final expression for the experimental a is
found in Dewitt and Incropera (1992), but takes the form seen below
0"exp
q(n2-r02)
2ro (T0 - Tsat J
Eqn. 4.4
4.4 Experimental Error
The conduction of experimental studies is inevitably plagued by a certain degree
ofuncertainty, which is fostered by the procedures and the measurements, and has a
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direct impact on the final results. The sources of error that are most easily detectable are
instrumentation errors. These errors propagate through calculations and affect the
terminal objective of the investigation. Instrumentation errors, however, are crucial to
any study in that they yield an adequate approximation of the confidence associated with
the measurements, the calculations, and the final results.
4.4.1 Instrumentation Error
In this investigation the instrumentation errors originate from three primary
quantities: direct current, temperature, and length. The inherent uncertainty associated
with each of these quantities is included in Table 2.
Table 2 mstrumentation Error
Length L 5.08 E-4 m
Radius R 1.27E-5 m
Direct Current I 0.07 Amps
InnerWall Temperature Tw 0.1 C
Saturation Temperature Tsat 0.1 c
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4.4.2 Error Propagation
In deriving the value for the experimental heat transfer coefficient a fair number
ofmeasurements and calculations had to be performed. The error associated with each of
the described quantities is shown in Table 3, as it stems directly from partial error
differentiation. The result is an overall accuracy level for the experimental binary heat
transfer coefficient of 8.4 %.
Table 3 Propagation Error
Resistance Q 4.8 %
Superheat 9 3.9 %
Heat Generated # 6.0 %
HTC a 8.4 %
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5 Results and Discussion
The experimental investigationwas desgined to ilucidate the effect of certain
parameters on the heat transfer suppression mechanisms in the pool boiling ofbinary
systems. The binary system of choice was that of the, consistently under-predicted,
aqueous solutions of ethylene glycol. Particular attention was devoted to the empirical
determination of the heat transfer coefficients, which were compared to the values
available in literature. Finally, a comparison of the empirical and semi-empirical
correlations available in literature is offered, focusing on the unscrutinized range of dilute
solutions of this binary system.
5 . 1 Experimental Parameters
5.1.1 Surface Tension
Speculation regarding the effects of certain properties in the heat transfer
suppression mechanism in the pool boiling ofbinary mixtures abounds. There are very
few coherent theoretical studies that tie together the entire history of the bubble growth
theory and consistent manifestation of certain phenomena. What now ensues is a
clarification of the effects of surface tension on the heat transfer coefficient reduction
witnessed in the nucleate pool boiling of aqueous solutions of ethylene glycol.
Literature indicates that there is a significant quantitative relationship between the
reduction in surface tension of a solution and the ensuing rise in the heat transfer
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coefficient in the nucleate boiling region. The work of Shah and Darby (1973) and that
ofYang and Maa (1983) are prime examples postulating the significance of surface
tension effects.
The present investigation paid particular attention to the heat transfer behavior of
very dilute solutions ofwater and ethylene glycol. In all of the case studies, ethylene
glycol, as an additive, is surface-active with respect to water and induced a depression in
the surface tension of the boiling mixture. Since surface tension, as indicated by
Westwater (1956), is an important parameter affecting nucleation itmust play a critical
role in the binary system's heat transfer suppression mechanism.
Westwater (1956) and several other investigators have demonstrated that a small
amount of surfactant makes the vapor-liquid interfacial properties very different from that
ofpure water. This alteration ofproperties may affect the inception, growth, contact
angle, coalescence and detachment characteristics of the vapor bubbles formed on the
heating surface. Also, as verified by Yang and Maa (1983) dilute aqueous solutions of
surfactants result in some improvement in the heat transfer coefficient values. The theory
is that for the water/ethylene glycol system the depletion of the adsorbed component at
the vapor-liquid interface due to the expansion of the vapor bubbles, induces a local
depression in surface tension of the solution. This in turn causes the secondary
nucleation traits to be affected. The growth rate changes accordingly since at lower
surface tensions the bubble nucleates at a lower superheat. The growing bubble finds
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itself enveloped by an interfacial thermal layer ofhigher saturation temperature, which
alters the final departure volume. Combinedwith the lower growth rate this should result
in smaller bubble diameters, and a larger bubble frequency. When coupled with the mass
diffusion, the overall effect is a larger heat transfer rate, which is manifested in the
greater heat transfer coefficient.
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Figure 9 Variation of Surface Tensionwith Concentration
In the present study the values for surface tensionwere obtained from HYSIM
property routines. Figure 9 shows the variation in surface tension with concentration. An
examination of the dilute concentration range, where small amounts of the surface active
ethylene glycol are added to pure water, indicates that the surface tension of the solution
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rapidly decreases. Based on the theory discussed above, it is to be expected that the
boiling heat transfer would increase for these concentrations.
5. 1.2 Mass Diffusion
The mass diffusion effects also plays a crucial role in the heat transfer behavior in
pool boiling ofbinary systems. The work ofVan Wijk et al. (1956), and ofmany others,
examined the heat transfer coefficients in nucleate pool boiling ofbinary mixtures. They
noted that the equilibrium vapor mole fraction of the more volatile component, Yj ~, is
higher than that of the bulk liquid X, ~ Under the assumption ofpropagation of
equilibrium conditions, this induces further transport of the more volatile component
towards the interface as the bubble grows. The depletion of the more volatile component
at the boundary layer around the bubble follows immediately.
It is, therefore, not only because of a surface tension depression that the boundary
layerwill experience a rise in the local boiling point temperature. Mass diffusion effects
also contribute to the regional increase in heat transfer coefficient for dilute aqueous
solutions of ethylene glycol. At higher concentrations, however, when the surface
tension gradients are not as great as seen in Figure 9, the net effect of other parameters
override this preliminary trend. It follows that after the dilute range of the surface active
component in water, the wall superheat associated with the mass diffusion phenomenon
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increases so as to transfer heat at the same rate and the heat transfer coefficient is
lowered, accordingly.
5.1.3 Volatility Parameter
The degradation in heat transfer induced by the preferential evaporation of the
more volatile component at the bubble interface is a very significant factor. The mass
transfer resistance developed by the existence of the concentration gradients in the liquid,
raises the interfacial liquid temperature and causes a suppression ofheat transfer.
An analysis of the heat transfer in the pool boiling of a binary system often
utilizes the volatility parameter, Vi, as a measure of the mass diffusion strength.
Kandlikar (1997) utilizes this parameter in correlating the flow boiling ofmixtures. It is
indicated that for Vi<0.03, the mixture effects were negligible, and the heat transferwas
given by the value of the ideal heat transfer coefficient. Thus, the binary system behaved
like a pure component without any mass diffusion effects.
Figure 10 portrays the variation of the volatility parameter with concentration, for
the aqueous solutions of ethylene glycol. It is evident that at low concentrations of
ethylene glycol, the value ofVi is less than 0.005. In this range itwould follow that the
binary effects would be negligibly small. Conversely, the volatility parameter has a very
high value near the pure ethylene glycol concentrations. Combined with the rapid
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increase in surface tension, this accounts for the significant deterioration of the heat
transfer coefficient for this particular binary system.
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5.2 Experimental Data: Heat Transfer Coefficient
The preliminary goal of this investigation was to obtain new experimental data for
the binary system composed ofwater and ethylene glycol. This required the verification
of the validity of the experimental results. The most recent precursor of this study was
the investigation conducted by Fujita et al. (1996); as such it became a prominent
candidate for the verification of the gathered data. Figure 1 1 shows the comparison of
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the data sets reported by Fujita et al. (1996) and the present investigation for a heat flux
oflOOkW/m K. The agreement between the two data sets was excellent, since a
maximum deviation of 10.45%.
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Figure 11 Comparison ofExperimental Data
5.2.1 Pure Fluids
The heat transfer behavior for pure fluids follows the trend prescribed by the
boiling curve, as discussed in Section 2. 1.2. Based on the results reported by Figure 1 1 it
is quite evident that for pure component concentrations there is some disagreement
between the present data and Fujita et al.'s data. The present study indicates that the data
for the pure liquids lies somewhat below Fujita's data. Confirmation of the results for the
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pure component runs was obtained by repetition over a period of two months. The data
was found to be in agreementwithin 5 percent.
5.2.2 Binary Systems
In agreementwith the theoretical developments available in literature, this
investigation has found that the heat transfer coefficients of the binary system under
scrutiny are reduced below the interpolated values between the pure constituents. Figure
12 illustrates that the aid resulting from themass fraction interpolation does not
adequately represent the trend evident in the experimental data. It remains to be verified,
which correlation adequately predicts the binary heat transfer coefficient.
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Figure 12 Heat Transfer Coefficients
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An examination ofFigure 13, a plot of the experimental heat transfer coefficient
versus the mass fraction of the more volatile component (water), indicates that as the heat
flux increases the drop in the heat transfer coefficient also gets larger. This can be
attributed to the fact that a larger number of nucleation sites become active as the heat
fluxes move further into the nucleate pool boiling regime. Thus, the combined effect of
surface tension, mass diffusion, and volatility parameter is feltmore profoundly with
increasing heat flux values.
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Figure 13 Experimental Heat Transfer Coefficients
In considering the behavior of the heat transfer coefficient over the entire range
of concentrations, it is evident that there is a relationship between the volatility parameter
and the value of alpha. From the plots in Figures 10 and 13, it is clear that the minimal
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value of the heat transfer coefficient coincides with the maximal value of the volatility
parameter, Vi .
Visual observation windows allowed some qualitative analysis to be performed on
the manifestation of the binary pool boiling phenomena. In essence there is a
confirmation, as Appendix C illustrates, that the bubble diameter for binary mixtures is
significantly smaller than for pure liquids. This, once again, is in agreementwith the
developed analysis of the surface tension reduction effect.
5.2.3 Dilute Concentrations
One of themain objectives of this study was the clarification of the heat transfer
behavior for dilute concentrations of the water/ethylene glycol binary system. The
concentration range selected was comprised of 1, 2, 3, 5, and 10 percent mass fractions of
ethylene glycol in water. Figure 14 indicates that for these concentrations the heat
transfer behavior for this particular binary system, is quite different from what one would
expect by conducting a literature survey. In fact, in accordance with the theoretical
explanations developed in Section 5.1.1 the heat transfer coefficient for this surface
tension negative system is found to increase as small amounts of the surfactant is added.
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5.3 Comparison with the Correlations in the Literature
A survey of the numerous correlations published in literature reveals a recurrent
pattern in the popularity of certain correlations. Among themostwidely employed
theoretical correlations, the Calus and Leonidopoulos (1974) correlation is found to
model the data in the present study extremely well. Despite its failure to account for the
surface tension variation, and the volatility parameter changes, this correlation works
very well with the binary system composed ofwater and ethylene glycol at relatively
small heat fluxes. Its applicabilitywith other mixtures needs to be further examined.
E
!
0 0.2 0.4 0.6 0.8 1
Mass Fraction of H20
Figure 15 Comaprison ofCorrelations
The Kandlikar (1997) correlation does a good job ofmodeling the experimental
data as well. This correlation accounts for the volatility parameter, and for themass
diffusion effects apparent in binary systems. It is found to model the data set gathered
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during the present experimental investigation very well; over the wide range of
concentrations. However, some additional modification would be necessary in applying
it to the dilute concentration range.
Surprisingly enough, the work ofFujita et al. (1996) in devising a new semi-
empirical correlation thatwould predict the heat transfer coefficient for binarymixtures
fails to perform up to par with the two correlations described above. It severely under-
predicts, the data for the aqueous solutions of ethylene glycol, thus, confirming the
inviability of the utilization of semi-empirical correlations in modeling a wide range of
mixtures, for a broad spectrum of data sets. Furthermore, it emphasizes the fact that
despite severe limitations in theirmodeling of certain phenomena, theoretically devised
correlations still yield the most accurate results in modeling the pool boiling behavior of
binary systems.
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6. Conclusion
The fulfillment of the objectives of the experimental investigation manifests itself
in a number ofways. A comprehensive literature search was conducted, and a new set of
experimental data for aqueous solutions of ethylene glycol was gathered and published.
The experimental data indicates that in the dilute concentration range, the heat transfer
behavior of the binary system does not really follow the trend prescribed by the theory of
binary heat transfer. The experimental results are validated, nevertheless, by its excellent
correspondence to the data collected by Fujita et al. (1996).
The conducted literature search confirms the need for the development of a
coherent theoretical model in correlating binary heat transfer. The comparison of the
semi-empirical correlation set forth by by Fujita et al. (1996) with the theoretical models
established by Calus and Leonidopoulos (1974) and Kandlikar (1997) revealed that the
applicability range for semi-empirical models is too short. Fujita's correlation severely
overpredicted the heat transfer coefficient for the aqueous solutions of ethylene glycol,
despite the excellent agreement between the data set gathered by the present investigation
and that collected by Fujita et al. (1996). The theoretical models, on the other hand,
performed verywell, with themaximum deviation between the Calus and Leonidopoulos
(1974) correlation and the experimental data being of 23.8 %. TheKandlikar (1997)
correlation outperforms the Calus and Leonidopoulos (1974) model in a large portion of
the concentration range, and manifests amaximum deviation of 17.9 %. There is still
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room for significant improvement in themethods utilized for the prediction of the heat
transfer coefficient for binary systems.
A detailed analysis of the dilute concentration range, where small amounts of the
surface active component, ethylene glycol, is added to water, confirmed the significance
of the interactions between the heat and mass diffusion effects, and the solution's
properties In accordance with the theory proposed by Kandlikar (1997), in this region
the binary effects are not as prominent as at higher concentrations, and the volatility
parameter, Vi, is essentially constant. Thus, a partial justification is obtained for the
dominance of the surface tension effects over the dilute concentration range, and for the
increase in the heat transfer coefficient in this region as established by Kandlikar and
Alves (1998).
It is essential to understand that there are other significant factors in the
manifestation of the binary pool boiling phenomenon. The effects of contact angle,
bubble frequency, and departure diameter are also influencing the overall behavior of
binary heat transfer. The qualitative analysis performed during this investigation
indicates that the bubble frequency in the dilute concentration range increases, and that
the overall departure diameter decreases (refer to Appendix C). This would be in
accordance with thewitnessed increase in the heat transfer coefficient over this range of
concentrations.
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The investigation into the heat transfer suppression mechanisms for binary mixtures of
ethylene glycol and water reveals that the data published in literature is valid, and that the
evidenced over-prediction is in fact a function of the maladapted correlations. The doors
are, therefore, open for additional studies to be conducted into the effects ofmass
diffusion, surface tension, volatility parameter, contact angle, bubble frequency and
departure diameter effects at smaller and smaller areas of the dilute concentration range.
70
7. REFERENCES
Bier, K, Schmadl, J., and Gorenflo, D., 1984, "Effect ofheat flux density and
boiling pressure on heat transfer in pool boiling ofbinarymixtures,"International
ChemicalEngineering, Vol. 24, No. 2, pp. 227-231.
Calus, W.F., and Leonidopoulos, D.J., 1974, "Pool boiling - binary liquid
mixtures,"International Jounal ofHeat andMass Transfer, Vol. 17, pp. 249-256.
Calus, W.F., and Rice, P., 1972, "Pool boiling - binary liquid
mixtures,"Chemical
Engineering Science, Vol. 27, pp. 1687-1697.
Carey, V.P., 1992, Liquid-Vapor Phase Change Phenomena, Hemisphere
Publishing, New York.
Celata, G.P., 1992, "Pool and Forced Convective Boiling ofBinaryMixtures,
"
Pool andExternal Flow Boiling, pp. 397-409.
Celata, G.P., Cumo, M., and Setaro, T., 1994, "A review ofpool and forced
convective boiling ofbinary
mixtures,"Experimental Thermal andFluidScience, Vol. 9,
pp. 367-381.
Chen, J.F., Liu, M.H., and Yang, Y.M., 1993, "Critical heat flux in pool boiling of
binary mixtures as determined by the quenching
method,"International Journal ofHeat
andMass Transfer, Vol. 36, No. 16, pp. 4071-4076.
Fujita, Y., and Tsutsui, M., 1994, "Heat transfer in nucleate pool boiling ofbinary
mixtures,"International Journal ofHeat andMass Transfer, Vol. 37, Suppl. 1, pp. 291-
302.
71
Fujita, Y, Bai, Q., and Tsutsui, M., 1996, "Heat Transfer ofbinary mixtures in
nucleate pool
boiling," 2ndEuropean Thermal-Sciences and 14th HITNationalHeat
Transfer Conference 1996, pp. 1639-1646.
Kandlikar, S.G., and Alves, L.C, 1997, "Effects of Surface Tension and Binary
Diffusion on Pool Boiling ofDilute Solutions An Experimental
Assessment," Paper
Submitted for Presentation at the ASMENationalHeat Transfer Conference,
Albuquerque, June 1998.
Kandlikar, S.G., 1998, "Boiling Heat Transferwith binary mixtures / Part 1 - A
theoretical model for pool boiling," Paper Submitted for Presentation.Incropera, F.P.,
and Dewitt, DP, 1990, Fundamentals ofHeat andMass Transfer, 1990, JohnWiley &
Sons, New York.
McGillis, W.R., and Carey, V.P., 1996, "On the Role ofMarangoni Effects on the
Critical Heat Flux for Pool Boiling ofBinary
Mixtures," Journal ofHeat Transfer, Vol.
118, pp. 103-109.
Palmer, H.J., and Berg, J.C., 1971, "Hydrodynamic stability of surfactant
solutions heated from below," Journal ofFluidMechanics, Vol. 51, Part 2, pp. 385-402.
Roll, J.B., and Myers, J.E, 1964, "The Effect of Surface Tension on Factors in
Boiling Heat
Transfer," A.I.Ch.E. Journal, Vol. 10, pp. 530-534.
Stephan, K, 1994, "Two-phase heat exchange for new refrigerants and their
mixtures,"
pp. 198-209.
72
Sternling, C.V., and Tichacek, L.J., 1961, "Heat Transfer coefficients for boiling
mixtures - Experimental data for binary mixtures of large relative
volatility,"Chemical
Engineering Science, Vol. 16, pp. 297-335.
Shah, B.H., and Darby, R, 1973, "The effect of surfactant on evaporative heat
transfer in vertical film flow," International Journal ofHeat andMass Transfer, Vol. 16,
pp. 1889-1903.
Taylor, R., and Krishna, R., 1993, Multicomponent Mass Transfer, 1993, John
Wiley & Sons, New York.
Thome, JR., 1983, "Prediction of binary mixture boiling heat transfer coefficients
using only phase equilibrium
data," International Journal ofHeat andMass Transfer,
Vol. 26, pp. 965-974.
Thome, J.R., 1982, "Latent and Sensible Heat-Transfer Rates in the Boiling of
Binary
Mixtures," Transactions oftheASME, Vol. 104, pp. 474-478.
Unal, H.C., 1986, "Prediction of nucleate pool boiling heat transfer coefficients
for binary
mixtures,"InternationalJournal ofHeat andMass Transfer, Vol. 29, pp. 637-
640.
Van Stralen, S., and Cole, R 1979, Boiling Phenomena, v.l & v. 2, Hemisphere
Publishing, New York.
Van Stralen, S.J.D., Sohal, M.S., Cole, R., and Sluyter, W.M., 1975, "Bubble
growth rates in pure and binary systems: Combined effect of relaxation and evaporation
microlayers,"International Journal ofHeat andMass Transfer, Vol. 18, pp. 453-467.
73
Van Stralen, S.J.D., 1967, "The growth rate ofvapour bubbles in superheated
pure liquids and binary mixtures / Part I: Theory," International Journal ofHeat and
Mass Transfer, Vol. 11, pp. 1467-11489.
Van Stralen, S.J.D., 1967, "The growth rate ofvapour bubbles in superheated
pure liquids and binary mixtures / Part II: Experimental Results," International Journal
ofHeat andMass Transfer, Vol. 11, pp. 1491-1512.
Van Wijk, W. K, Vos, A.S., and Van Stralen, S.J.D., 1956, "Heat transfer to
boiling binary liquidmixtures,"ChemicalEngineering Science, Vol. 5, pp. 68-80.
Wenzel, U., Balzer, F. Jamialahmadi, M., and Muller-Steinhagen, H, 1995, "Pool
boiling heat transfer coefficients for binary mixtures of acetone, isopropanol, and
water,"
Heat Transfer Engineering, Vol. 16, No. 1, pp. 36-43.
Yang, Y.M., andMaa, J.R., 1983, "Pool Boiling ofDilute Surfactant
Solutions,"
Transactions oftheASME, Vol. 105, pp. 190-192.
74
8. APPENDIX A: Experimental Data
X1 = 1.0
Date: 06/18/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5
1 0 kW/m' 104.2 104.1 106.2 99.2 99.7 71.8 71.5 99.6 17.21952
20 kW/m2 105.6 105.5 108.8 99.3 99.7 72.9 70.3 99.6 24.35209
50 kW/m2 107.8 106.3 110.7 99.7 99.7 76.3 70.2 99.8 38.50403
1 00 kW/m2 110 109 110.1 99.1 99.4 71.9 76.8 99.3 54.45292
Date: 06/20/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0 kW/nT1 102.1 101.9 101.9 102.3 98.7 99.3 71.8 71.5 99.1 17.21952
20 kW/m2 104.25 104.5 104.1 103.9 99.5 99.7 72.9 70.3 99.3 24.35209
50 kW/m2 107.6 108 107.4 106.5 99.5 99.6 76.3 70.2 99.9 38.50403
1 00 kW/m2 111 111.4 112 109.2 99.6 99.7 71.9 76.8 99.8 54.45292
1 00kW/m2 110.1 113.3 110.2 109.7 99.6 99.6 71.9 76.8 99.5 54.45292
Dafe; 07/03/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0 kW/rn^ 102.8 102.6 102.9 99.3 99.4 71.8 71.5 99.1 17.21952
20 kW/m2 104.7 104 104.1 103.9 99.5 99.7 72.9 70.3 99.3 24.35209
50 kW/m2 107 106.7 107.4 106.5 99.5 99.6 76.3 70.2 99.9 38.50403
1 00 kW/m2 109.2 109.3 112 109.5 99.6 99.7 71.9 76.8 99.8 54.45292
Dafe; Q7/22J97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0 kW/rn^ 102.6 103 102.5 99.9 99.9 71.8 71.5 100 17.21952
20 kW/m2 104.7 104 104.1 103.9 99.5 99.7 72.9 70.3 99.3 24.35209
50 kW/m2 107 106.7 107.4 106.5 99.5 99.6 76.3 70.2 99.9 38.50403
1 00 kW/m2 109.2 109 112 109.2 99.6 99.7 71.9 76.8 99.8 54.45292
X1 = 0.99
Dafe; 06/21/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0
kW/mz 102.6 104 102.7 102.8 99.5 99.4 59.2 61.8 99.7 17.21952
20 kW/m2 103.9 105.5 103.9 103.8 99.8 100 58.5 60.4 100 24.35209
50 kW/m2 106.3 107.2 106 106.3 99.8 99.8 62.9 63.5 100 38.50403
1 00 kW/m2 108.9 110.5 108.6 109.8 100 100 68.3 69.9 100.1 54.45292
1 00 kW/m2 110 110.5 110.6 109.4 99.8 99.8 68.3 69.9 99.9 54.45292
Dafe; 07/06/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0
kW/m' 102.5 102.8 102.7 100 99.9 73.6 69.5 99.9 17.21952
20
kW/m2 102.9 104.7 103.5 99.8 99.9 58.5 60.4 99.9 24.35209
50 kW/m2 1 04.75 109.3 105.9 99.9 100 62.9 63.5 100 38.50403
1 00
kW/m2 109.3 122.1 108.7 100 99.9 68.3 69.9 100.2 54.45292
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X1 = 0.98
Dafe; 06/21/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5
1 0 kW/m' 101.2 102.2 101.1 101.4 99.3 99.6 61.5 66.3 99.6 17.21952
20 kW/m2 103.7 105.3 103.9 103.7 99.8 99.8 67.9 67.5 100 24.35209
50 kW/m2 105.8 112.8 105.9 106 99.8 99.6 70.6 71.9 99.7 38.50403
1 00 kW/m2 108.5 125.1 108.8 109.3 100 100 70.9 75 100.3 54.45292
101 kW/m2 109.5 109.5 109.5 109.6 100 100 70.9 75 100.3 54.45292
Dafe; 07/06/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0 kW/rn^ 102.4 103.2 103.7 100.2 100.2 61.5 66.3 100.3 17.21952
20 kW/m2 105 105.7 105.4 100.3 100.2 67.9 67.5 100.3 24.35209
50 kW/m2 108.1 109.7 110.1 100.3 100.4 70.6 71.9 100.5 38.50403
1 00 kW/m2 109.7 112 110.8 100.4 100.4 70.9 75 100.5 54.45292
X1 = 0.97
Dafe; 06/21/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0 kW/m2 103.2 103 103.1 100.3 100.4 57.1 62.6 100.4 17.21952
20 kW/m2 106.1 105.1 104.7 100.3 100.35 59.4 60.7 100.3 24.35209
50 kW/m2 109.1 107.2 106.7 100.5 100.5 60.6 63.9 100.6 38.50403
1 00 kW/m2 109.7 109.5 100.4 100.35 66.3 65.8 100.4 54.45292
X1 0.95
Dafe; 06/21/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0
kW/rn^ 102.1 103.2 102.6 102.4 99.6 99.6 63.2 65.6 99.7 17.21952
20
kW/m2 103.9 105.4 104.7 104.2 99.6 99.8 53.6 64.2 99.8 24.35209
50 kW/m2 106.1 109.2 106.8 106.2 100 100.1 61.3 68.9 100.2 38.50403
1 00 kW/m2 108.4 114.6 109.3 108.8 100.1 100.2 65.1 70.1 100.2 54.45292
Date: 07/06/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0
kW/m-" 102.5 103.5 102.7 100.3 100.5 63.2 65.6 100.6 17.21952
20
kW/m2 104.4 106.1 104.3 100.5 100.6 53.6 64.2 100.6 24.35209
50
kW/m2 108.2 109.5 109.2 100.6 100.7 61.3 68.9 100.7 38.50403
1 00 kW/m2 110.8 113.2 110.5 100.7 100.8 65.1 70.1 100.9 54.45292
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X1 = 0.90
Dafe; 06/22/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5
1 0 kW/m" 103.9 103.4 103.7 103.6 100.7 100 65.9 70.4 100.2 17.21952
20 kW/m2 106.5 105.8 106.5 106.5 100.2 100.4 61.2 64.8 100.4 24.35209
50 kW/m2 108.8 108.1 108.9 108.4 100.3 100.3 63.7 65.6 100.3 38.50403
1 00 kW/m2 111.9 112.8 111.7 109.8 100.6 100.6 72.6 72.9 100.7 54.45292
Dafe; 07/06/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0 kW/rn^ 104 103.8 105.6 100.2 100.3 65.9 70.4 100.4 17.21952
20 kW/m2 105.7 105.3 106.8 100.2 100.3 61.2 64.8 100.4 24.35209
50 kW/m2 108 109.5 108.1 100.3 100.2 63.7 65.6 100.4 38.50403
1 00 kW/m2 112.7 113.6 110.3 100.4 100.5 72.6 72.9 100.3 54.45292
Dafe; 07/07/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0 kW/rn^ 103.6 104 103.7 100.7 100.8 65.9 70.4 100.8 17.21952
20 kW/m2 105.3 106.1 106.9 100.5 100.6 61.2 64.8 100.6 24.35209
50 kW/m2 108.1 109.1 109.5 100.7 100.8 63.7 65.6 100.7 38.50403
1 00 kW/m2 110.1 111.8 111.5 100.9 100.9 72.6 72.9 100.9 54.45292
X1 0.75
Dafe; 06/22/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
10kW/m' 106.3 106.1 106.6 105.9 101.5 101.6 76.6 65.2 101.7 17.21952
20
kW/m2 107.8 107.6 108 107.2 101.4 101.8 75.6 66.5 101.7 24.35209
50 kW/m2 109.4 111.8 110.1 109.2 101.4 101.4 76.3 68.9 101.7 38.50403
1 00 kW/m2 112.7 115.6 113.2 112.4 101.5 101.4 79.3 67.1 101.6 54.45292
X1 = 0.5
Dafe; 06/22M7
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5
1 0 kW/m^ 112 112.1 111.9 111.7 106.6 106.7 77.5 69.4 106.7 17.21952
20 kW/m2 115.1 115.9 115.7 114.4 106.5 106.5 70.2 66.4 106.6 24.35209
50 kW/m2 118.8 121.6 119.6 118.4 106.5 106.8 64.2 65.6 106.5 38.50403
1 00
kW/m2 123.4 127.5 124 122.9 106.5 106.6 73 69.8 106.4 54.45292
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X1 = 0.25
Dafe; 06/22J97
Heat Flux
1 0 kW/m2
.2
T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5
128.8
20kW/m 133.6
50kW/m2 136.9
1 00 kW/m2 1 42
127.1 128.5 127.1 117.5 117.6 64.5 70.9
131 134.6 130.3 117.6 117.8 67.9 68.8
137 138.4 136.7 117.9 117.8 65.5 73.9
144.6 142.8 142 118 118 65.6 74.5
I
117.2 17.21952
117.8 24.35209
117.6 38.50403
117.8 54.45292
X1 = 0.1
Dafe; 06/22/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5
1 0 kW/m2 151 147.9 151.8 149.7 141.1 141.3 89.1 84.7 141.1 17.21952
20 kW/m2 156.7 152.3 156.9 154.4 142.1 142.2 93 97.9 142.2 24.35209
50 kW/m2 158.9 162.9 160.8 160.5 142.5 142.6 100.5 113.7 142.7 38.50403
1 00 kW/m2 166 173.5 167.6 167.9 143 142.9 113.4 119.3 142.9 54.45292
Dafe; 07/07/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0 kW/m2 146.7 148.3 147.6 141.4 141.2 89.1 84.7 141.3 17.21952
20 kW/m2 151.8 154 153.8 141.2 141.2 93 97.9 141.2 24.35209
50 kW/m2 157.3 161 160.8 141.4 141.4 100.5 113.7 141.5 38.50403
1 00 kW/m2 163.8 166.7 165.9 141.2 141.1 113.4 119.3 140.8 54.45292
X1 = 0.05
Dafe; 06/22/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5
lOkW/m2 178.2 167.3 178.6 172.1 161.3 161.4 124.5 105.4 161.5 17.21952
20
kW/m2 169.3 170.9 169.2 176.6 159.5 159.6 68.5 77.9 159.5 24.35209
50 kW/m2 177.8 180 184.6 181 160.3 160.4 86.3 93.5 160.3 38.50403
1 00
kW/m2 181.5 179.3 189.3 185.2 160.5 160.5 104.1 113.9 160.6 54.45292
Dafe; 07/08/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0 kW/m2 166.65 168 167 167.2 161.3 161.4 124.5 105.4 161.5 17.21952
20
kW/m2 169.3 170.9 169.2 170 159.5 159.6 68.5 77.9 159.5 24.35209
50
kW/m2 175.8 176.4 175 176.9 160.3 160.4 86.3 93.5 160.3 38.50403
1 00
kW/m2 183.8 182.8 181.1 182.7 160.5 160.5 104.1 113.9 160.6 54.45292
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X1 = 0.02
Dafe; 06/23/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5
1 0 kW/m2 186.5 190.7 188.2 190.5 179.8 179.1 101.3 141.5 179.4 17.21952
20 kW/m2 190.1 193.5 191.6 193.1 179.8 178.8 100 122.1 179.4 24.35209
50 kW/m2 195.1 198.8 197.6 199.5 180.3 180.1 113.6 162.4 180.2 38.50403
1 00 kW/m2 199.7 203.5 203.2 204.9 181.6 180.7 145.4 170.9 180.9 54.45292
Dafe; 07/08/97
Heat Flux T1 T2 T3 T4 Tsatl Tsat2 Tsat3 Tsat4 Tsat5 I
1 0 kW/m2 180.7 181.6 180.7 182.9 174.8 174.8 152.3 141.5 174.8 17.21952
20 kW/m2 182.3 184.7 181.6 183.8 171.69 171.8 100 122.1 171.7 24.35209
50 kW/m2 186.4 190.9 187.2 190.6 172.3 172 113.6 162.4 172.2 38.50403
1 00 kW/m2 192 196 193.6 196.8 174 173.9 145.4 170.9 173.9 54.45292
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9. APPENDIX B: Derivation ofOuter Tube Temperature
Operating Equations:
d2T 1 d f cfT) q
dr2+^lr^J+I
= 0
where the differential equation above governs heat flow (cylindrical coordinates). Now,
the Boundary Conditions that are applicable are
T = TW at r = Ri = 0 at r = Ri
dr
Rewriting the operating equation we obtain
d2T dT qr
r - + = ----
dr2 dr X
Integration yields
r^ = -^ + Cl
dr 2X
and
T(r) = -^-+C,ln r + C2
From the second BC
r,(0)-^ + C,
thus
1
2X
Thus rewriting
80
W-t.-^|m*c,
so that
r
_
^
qn2 qn2
.
which yields
, .
qr2 qrj2 qr2 qr2
or
TW.Tw+J.frl,_r.)_2.k, i
From the expression above the temperature at the outer tube wall can be determined in
the establishment of the experimental heat transfer coefficient.
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10. APPENDIX C: Images ofTest Section
The following images are presented as evidence of the qualitative investigation
into the heat transfer suppression mechanisms in the pool boiling ofbinary mixtures.
These images verify the operative bubble dynamics factors discussed in literature. The
subsequent images are evidence of the reduction in bubble diameter with the addition of a
small amount of the surface active component (ethylene glycol). They are also an
indication of the reduction in the bubble coalescence as the concentration of the surface
active constituent increases, over a narrow range of dilute solutions.
(a)
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(b)
Figure 16 a) Mass Fraction of0.99 andHeat Flux of 10 kW/m2 K
b) Mass Fraction of 0.98 andHeat Flux of 10 kW/m2 K
(a)
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(b)
(c)
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(d)
(e)
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(f)
Figure 17 a-c) Mass Fraction of 1.0 and Heat Flux of 100 kW/m2 K
d) Mass Fraction of 0.99 and Heat Flux of 100 kW/m2 K
e-f) Mass Fraction of0.98 and Heat Flux of 100 kW/m2 K
Additional effects that can not be presented here, include an increase in bubble
frequency even at the smallest ofheat fluxes.
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